Mitochondrial respiratory chain complex I consists of 44 different subunits and can be subgrouped into three functional modules: the Q-, the P-and the N-module. NDUFAF4 (C6ORF66) is an assembly factor of complex I that associates with assembly intermediates of the Q-module. Via exome sequencing, we identified a homozygous missense variant in a complex I-deficient patient with Leigh syndrome. Supercomplex analysis in patient fibroblasts revealed specifically altered stoichiometry. Detailed assembly analysis of complex I, indicative of all of its assembly routes, showed an accumulation of parts of the P-and the N-module but not the Q-module. Lentiviral complementation of patient fibroblasts with wild-type NDUFAF4 rescued complex I deficiency and the assembly defect, confirming the causal role of the variant. Our report on the second family affected by an NDUFAF4 variant further characterizes the phenotypic spectrum and sheds light into the role of NDUFAF4 in mitochondrial complex I biogenesis.
INTRODUCTION
Mitochondrial respiratory chain complex I (CI, NADH:ubiquinone oxidoreductase) is the largest component of the oxidative phosphorylation (OXPHOS) system. It is L-shaped and can be subgrouped into three functional modules: the Q-module (ubiquinone reduction) and the N-module (NADH dehydrogenase), which form the matrix arm and the P-module (proton pumping), which makes up the membrane-integrated arm.
CI biogenesis is an intricate process: 37 nuclear-encoded and 7 mitochondrial-encoded subunits form numerous assembly intermediates that are assembled in several parallel and sequential steps to build the fully assembled complex. Subsequently, CI is integrated into supercomplexes, in which it associates with either a complex III (CIII)-dimer (I/III 2 -supercomplexes) or with a CIII-dimer and one or multiple copies of complex IV (CIV, I/III 2 /IV n -supercomplexes). 1 CI assembly depends on the action of several assembly factors that associate with assembly intermediates but are not part of the holoenzyme itself.
NDUFAF4 (C6ORF66) has been categorized as an assembly factor of the Q-module because it associates with Q-module subassemblies during CI biogenesis. 1 However, its exact function has not yet been elucidated. So far, one NDUFAF4 variant that affected protein function has been described in a single family. 2 Here, we present a patient with a novel NDUFAF4 variant, expand the phenotype associated with NDUFAF4 deficiency and analyze its role in CI biogenesis.
MATERIALS AND METHODS
See supplementary information online.
RESULTS

Case report
The patient is the first child of consanguineous (first cousins) parents of Pakistani ethnicity. He was born at 38 weeks gestation after induction of labor due to concerns regarding intrauterine growth retardation. He weighed 2406 g.
At 7 months of age, he was presented to the local pediatric services due to a decline in his milestones. He smiled infrequently, was unable to roll over, sit unsupported and did not babble. He was a nondysmorphic, underweight child with irritability. He had central hypotonia and normal to slightly increased limb tone with easily elicited tendon knee reflexes and no clonus.
Brain MRI revealed diffuse bilateral signal alterations in the basal ganglia and thalami, indicative of Leigh syndrome. An EEG showed generalized slowing with multifocal spikes consistent with an epileptogenic focus. There was no cardiovascular, renal or hepatic disease.
Urine organic acid analysis revealed increased lactate, ketones and Krebs cycle metabolites. Plasma lactate was 10.6 mmol/l and CSF lactate was 6.1 mmol/l (reference range: 0.8-1.8 mmol/l). Patientderived skin fibroblasts were examined for the activity of the respiratory chain enzymes, which showed isolated CI deficiency (32 mU/U of citrate synthase, reference range: 163-599) with activities of complexes II, III, IV and V within reference range.
Two years after the initial examination, the patient continues to have profound developmental delay, requires feeding through a PEGtube and has episodic seizures.
Whole-exome sequencing identifies variants in NDUFAF4. Via wholeexome sequencing, a homozygous missense variant in the NDUFAF4 gene (NM_014165. The NDUFAF4 variant leads to isolated CI deficiency that can be rescued via lentiviral complementation with wild-type NDUFAF4. Lentiviral complementation with C-terminally V5-tagged wild-type NDUFAF4 was performed to prove that the NDUFAF4 variant affects protein function (Figure 1 ). CI enzymatic activity was rescued by complementation with NDUFAF4 but not by mock transfection with V5-tagged GFP (Figure 1a) . Complementation also rescued reduced levels of holo-CI, analyzed by blue native polyacrylamide gel electrophoresis (BN-PAGE)/immunoblotting using n-dodecyl-β-D-maltoside lysed mitochondrial protein (Figure 1b) . CI subunit levels, analyzed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), also increased in complemented patient fibroblasts (Figure 1c) . NDUFAF4 was not detectable in patient cells.
Lack of CI in NDUFAF4-deficient patient fibroblasts causes altered supercomplex stoichiometry. Since CI forms supercomplexes with CIII and CIV, and the levels of the latter two were not changed despite CI deficiency, we analyzed supercomplex stoichiometry. In order to maintain supercomplex interactions, mitochondrial protein was solubilised with the mild detergent digitonin rather than n-dodecyl-β-Dmaltoside and subjected to BN-PAGE/immunoblotting. In NDUFAF4-deficient patient fibroblasts, the lack of CI led to a decrease of the I/III 2 -and I/III/IV n -supercomplexes (Figure 2a-c) with increased levels of CIII-dimers and the III 2 /IV-supercomplexes (Figure 2b and c) . Of note, monomeric CIV levels remained unchanged (Figure 2c ).
NDUFAF4 deficiency leads to accumulation of CI assembly intermediates containing constituents of the proximal P-module, the distal P-module and the N-module. We analyzed the effects of NDUFAF4 deficiency on CI assembly by 2D-BN-PAGE/SDS-PAGE experiments in patient fibroblasts (Figure 3 ). In the first dimension BN-PAGE, native protein complexes (that is, OXPHOS complexes) are separated (Figure 1b) . The second dimension SDS-PAGE step allows separation and improved epitope availability for immunodetection of the individual components of these native protein complexes, including CI assembly intermediates. In these experiments, we used antibodies directed against representative constituents of assembly intermediates of all functional modules and, therefore, of all assembly routes of CI (Supplementary Figure 2) . The Q-module subassemblies containing NDUFAF4 or NDUFS3 were not detectable anymore in patient fibroblasts and did not accumulate. However, there was a clear accumulation of proximal P-module subassemblies containing assembly factors ACAD9 and ECSIT, of distal P-module subassemblies containing CI subunit NDUFB11 and of an N-module subassembly containing CI subunit NDUFV2. These assembly defects were rescued in patient fibroblasts complemented with wild-type NDUFAF4.
NDUFAF4 is closely associated with NDUFAF3, 1, 6 another CI assembly factor whose deficiency leads to a similar assembly defect. 7 Since NDUFAF3 has been hypothesized to be involved in membrane insertion of P-module subunits, 6 we analyzed the distribution of several CI subunits in mitochondrial soluble protein fractions and membrane protein fractions of patient fibroblasts (Supplementary Figure 3) . In control and patient fibroblasts, P-module Figure 2 Complex I deficiency in patient fibroblasts carrying the NDUFAF4 variant causes specifically altered supercomplex stoichiometry. Non-denaturing BN-PAGE electrophoresis/immunoblotting analysis of mitochondrial protein (lysed with the mild detergent digitonin) from control (Ctrl) and patient (Pat) fibroblasts either transfected with wild-type NDUFAF4 (+AF4) or mock transfected with GFP (+GFP). Antibody staining was performed to detect (a) complex I (NDUFS3), (b) complex III (holo-CIII) and (c) complex IV (COX4), respectively. 'Holo-CIII' refers to an antibody raised against bovine holo-complex III that detects several different complex III subunits. Detection of complex II (SDHA) served as loading control. Complex I deficiency leads to clearly reduced abundance of the I/III 2 -and the I/III 2 /IV n -supercomplexes (SC) and monomeric complex I (CI M ) that is rescued by lentiviral complementation with NDUFAF4. NDUFS3 containing subassemblies (sa) are faintly detectable in control fibroblasts. In patient fibroblasts, complex III dimers (CIII 2 ) and supercomplexes consisting of a complex III dimer and complex IV (CIII 2 /CIV) are increased. Previously described uncharacterized complex IV subunit containing entities 13 (#) behave alike. The levels of monomeric complex IV (CIV M ) remain unchanged.
subunits were detectable in the membrane fraction but not in the soluble fraction.
DISCUSSION
Prior to our report, only one NDUFAF4 variant (c.194T4C; p. (Leu65Pro)) had been reported in one family with several patients who developed encephalopathy and lactic acidosis shortly after birth. 2 The patients either died in the first week of life due to intractable acidosis or developed severe myopathy, impaired neurological development and recurrent metabolic acidosis. One patient's brain MRI at the age of 16 months revealed severe generalized brain atrophy and demyelination. The patients who survived the neonatal period passed away between the age of 9 and 18 months due to intractable acidosis.
The patient described in the present manuscript carried a novel missense NDUFAF4 variant and presented with Leigh syndrome and developmental delay. This underlines the neurological phenotype caused by NDUFAF4 deficiency while adding Leigh syndrome, a defined mitochondrial disease, 8 to its spectrum.
Even though complex I deficiency can be accompanied by deficiencies of other OXPHOS complexes, 9 CIII and CIV are generally stable in the case of complex I deficiency. 10 However, their distribution in this setting has not been studied in patient fibroblasts. We demonstrated that non-complex I-associated CIII and CIV species do not all increase in an equal manner but are specifically altered when the formation of the I/III-and I/III/IV n -supercomplexes is hampered.
The consequences of NDUFAF4 variants for CI assembly in patient fibroblasts have previously not been studied. 2, 6, 11 Our recently published detailed human CI assembly model has shown that the CI assembly process mirrors its modular architecture: 1 subunits of the different functional modules are assembled separately and most intermodular association does not take place until the final steps of CI biogenesis. NDUFAF4 is associated with assembly intermediates of the Q-module. 1 This association is established during early CI Figure 3 Patient fibroblasts carrying the NDUFAF4 variant exhibit accumulation of complex I assembly intermediates containing parts of the proximal P-module, the distal P-module and the N-module but not the Q-module. 2D-BN-PAGE/SDS-PAGE and subsequent immunoblotting analysis of mitochondrial protein (lysed with n-dodecyl-β-d-maltoside) from control (Ctrl) and patient (Pat) fibroblasts either transfected with wild-type NDUFAF4 (+AF4) or mock transfected with GFP (+GFP). (a) The upper panel demonstrates simultaneous staining with antibodies against NDUFS3, which is a component of all Q-module subassemblies and fully assembled complex I (CI), and proximal P-module assembly factors ACAD9 and ECSIT. The lower panel demonstrates staining with an antibody against NDUFAF4. In control fibroblasts several NDUFS3 containing Q-module subassemblies (saQ) are detectable. NDUFAF4 is most strongly detectable in a low molecular weight Q-module subassembly (saQ2) but also faintly as a 'smear' reaching into the high molecular weight area (Ctrl+GFP, NDUFAF4). In mock-transfected patient fibroblasts, Q-module subassemblies are not detectable and do not accumulate: subassembly saQ1 is clearly detectable in control fibroblasts and faintly visible in NDUFAF4-transfected patient fibroblasts but not in mock-transfected patient fibroblasts. There is an accumulation of a subassembly containing proximal P-module subassembly components ACAD9 and ECSIT (saP P ). Note that the signal intensity of NDUFS3 at the height of fully assembled complex I (CI) is severely reduced in mock-tranfected patient fibroblasts (Pat+GFP) while the signal intensities of both ACAD9 and ECSIT increase. The arrow indicates the faint signal of the ECSIT antibody in the panel of the mock-transfected control fibroblasts. This ratio is reversed in patient fibroblasts complemented with NDUFAF4 (Pat+AF4). (b) Staining with an antibody against distal P-module subunit, NDUFB11 reveals accumulation of two subassemblies (saP D 2 and saP D 3). Note that, in mock-transfected patient fibroblasts (Pat+GFP), their abundance is higher than that of high molecular weight subassembly saP D 1. This ratio is reversed is patient fibroblasts transfected with wild-type NDUFAF4 (Pat+AF4). (c) Staining with an antibody against N-module subunit, NDUFV2 reveals accumulation of a subassembly (saN2). Note that, in mock-transfected patient fibroblasts (Pat +GFP), its abundance is higher than that of subassembly saN1. This ratio is reversed is patient fibroblasts transfected with wild-type NDUFAF4 (Pat+AF4).
assembly and persists until the last steps of biogenesis, where NDUFAF4 dissociates just before completion of CI assembly.
Fractionation experiments revealed no P-module subunits in the soluble fraction and, thus, no evidence of disturbed membrane insertion in patient fibroblasts. However, previous studies have shown that P-module subunit ND1 is degraded more rapidly in the case of NDUFAF4 deficiency. 12 Thus, this mechanism cannot be completely excluded, since disturbed membrane integration followed by immediate subunit degradation is a possibility.
We demonstrated accumulation of parts of all modules except for the Q-module, that NDUFAF4 associates with. The N-and P-module accumulation could be a secondary effect caused by hampered Q-module assembly. However, it could also suggest that NDUFAF4 is required to connect the separately assembled components of the P-module and the N-module to the Q-module. NDUFAF4 is most likely required for two assembly steps: (i) the connections of the P P -b/ P D -a-and Q/P P -a-subassemblies to form the Q/P-subassembly 1 and (ii) the addition of the N-module to complete CI (Supplementary Figure 2) .
In conclusion, our study expands the phenotypic spectrum associated with NDUFAF4 deficiency and sheds light into the role of NDUFAF4 in CI assembly. Future studies will focus on the molecular mechanism of action of assembly factors.
